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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The mechanical response f a circular bi-mat rial disc, squeezed between circular jaws, is studied numerically. The disc is compo ed 
by two identical (from the geometric point of view) almost semi-circular discs joined together with the aid of a thin layer of a third 
material. The numerical model is validated against experimental data obtained with the aid of Digital Image Correlation technique. 
The influence of various (geometric and material) parameters on the stress- and displacement-fields developed all over the 
composite disc is studied comparatively. Attention is paid to the role of the thickness and stiffness of the intermediate layer as it 
is quantified by its modulus of elasticity. The influence of the inclination of the interfacial layer (with respect to the axis of the 
load imposed) is also considered. It is concluded that the role of the interfacial layer is by no means negligible even in case its 
thickness is very small with respect to the disc radius.  
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1. Introduction 
The study of the mechanical response of composite materials using the Brazilian disc test is advantageous mainly 
due to the simple geometry of the specimens and the fact that any orientation between the interface and the loading 
axis is easily achieved, by just rotating the specim n. Moreover the specific configuration is very flexible in case inter-
facial crack problem are to be studied (Banks-Sills, 2015; Banks-Sills and Schwartz, 2002; Banks-Sills et al., 2010). 
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material are denoted as Ej, νj, respectively. A Cartesian reference system is introduced with its origin at the disc’s 
center and axis y parallel to the direction of the load induced (considered from now on as vertical). The inclination 
angle of the adhesive layer with respect to the horizontal axis x is denoted as a. All four materials (i.e. these of the 
semi-discs, the adhesive layer and the jaws) are assumed linearly elastic. The lower base of the lower jaw is rigidly 
clamped and a vertical displacement is imposed on the upper side of the upper jaw. The displacement- and stress-
fields developed all over the disc are to be determined, assuming that the displacement induced is pre-defined.  
2.2. The numerical model 
The problem was studied with the aid of the Finite Element Method and the analysis was carried out using the 
ANSYS software. The two semi-discs are considered to be made of acrylonitrile butadiene styrene (ABS) (semi-disc 
1) and polyimide (semi-disc 2), both with 30% glass fibers. For the needs of the parametric study following, a reference 
model was first constructed for which the adhesive layer had a thickness equal to t=2 mm and it was oriented at an 
angle a=50o. The mechanical properties assigned to all four materials of the reference model are presented in Table 1.  
Table 1. The mechanical properties of the materials of the reference model. 
Material Modulus of elasticity (GPa) Poisson’s ratio (-) 
ABS + 30% glass fiber 8.0 0.41 
Polyimide + 30% glass fiber 12.0 0.34 
Interfacial layer 3.19 0.36 
Steel 210 0.30 
 
The adhesive layer was considered in perfect contact with both semi-discs. No sliding or debonding was permitted 
along the discs-adhesive interfaces. For the interfaces between the two semi-discs and the jaws contact elements 
(CONTA171 and TARGE169) were formed. The coefficient of friction for these interfaces was set equal to 0.29.  
PLANE182 element was used for meshing the whole model, which was assumed under plane stress conditions. In 
order to properly simulate the Brazilian-disc test, the nodes of the lower side of the lower jaw were rigidly clamped 
and a uniform vertical downwards displacement equal to 0.5 mm was applied on the nodes of the upper side of the 
upper jaw. Given that a preliminary study revealed the tendency of the upper jaw to be slightly displaced also along 
the horizontal axis (obviously due to the material and geometric asymmetries of the configuration) the displacement 
of the nodes of the two lateral sides of the jaws along the x-axis was restricted. A convergence analysis was performed 
for the proper element size to be chosen. The variation of the stress components at both strategic points and along 
the loading axis is chosen as convergence parameter and are plotted for various element sizes are shown in Fig.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Variation of normal stress at points 1 and 2 (intersection of the loading axis with the discs-adhesive interfaces, see Fig.1) and of   
(b) shear stress along the loading line vs. the number of elements. 
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Concerning the stress- and displacement-fields developed in the disc, the analytic solution of the problem is an 
extremely challenging task and quite a few simplifying assumptions must be adopted in order for closed form 
solutions to be achieved. In this direction, most of the studies dealing with the subject assume that the disc is loaded 
by a pair of diametral point forces. However, it is definitely known that during the laboratory implementation of the 
test, using either the ISRM (1978) standardized apparatus or plane platens (with or without intermediate cushions) as 
suggested by ASTM (1981), the load is distributed along an arc of finite length, according to a cyclic law (Timo-
shenko and Goodier, 1930; Muskhelishvili, 1963), which can be approximated in a satisfactory manner by a 
parabolic distribution (Markides and Kourkoulis, 2015). Along the same lines the role of friction along the disc-jaw 
contact arc is ignored although it is again definitely proven (Fairhurst, 1964; Hooper, 1971; Kourkoulis et al., 2013) 
that for specific combinations of the disc and jaws materials and for specific values of the coefficient of friction the 
results are seriously influenced by friction stresses. Finally, it is common practice in most analytic solutions to 
ignore the role of the intermediate adhesive layer which is used to keep the constituent semi-discs of the composite 
specimen in place, which is again a rather rough approximation of actual conditions prevailing along the interface. 
In this direction, an attempt is described in the present study to confront the problem numerically using the Finite 
Element Method and commercially available software. The model constructed simulates the laboratory implement-
ation of the test according to the ISRM (1978) standard. Both the jaw and the specimen are modeled, in an effort to 
remove most of the limiting assumptions concerning the actual conditions along the disc-jaw contact arc. In addition, 
the two semi-discs are kept in place with the aid of an intermediate material layer of finite width. Various parameters 
influencing the mechanical response of the system are considered, both of material and geometric nature. The role of 
the intermediate layer is proven to be critical, in spite of its very small thickness in comparison to the radius of the disc.   
2. The numerical model 
2.1. Statement of the problem  
Consider a circular disc made up of two almost circular semi-discs (1) and (2) of radius Rd=50 mm each. The two 
semi-discs are joined together with the aid of a thin adhesive layer, drawn yellow in Fig.1, of thickness t. The modulus 
of elasticity and Poisson’s ratio of the materials of semi-discs (1) and (2) are denoted as (E1, ν1) and (E2, ν2) respective-
ly, while the respective properties of the adhesive layer are denoted as Ea, νa. The composite disc is compressed 
between the metallic jaws of the device suggested by ISRM (1978) for the standardized implementation of the 
familiar Brazilian-disc test. Their radius Rj is equal to 75 mm while the modulus of elasticity and Poisson’s ratio of their 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Configuration of the problem and definition of symbols. 
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3.1. The role of the intermediate layer’s stiffness 
The role of the stiffness of the intermediate adhesive layer is exhibited by considering five different models with 
modulus of elasticity Ea varying from 3.19 GPa (reference model) to 6, 10, 16 and 20 GPa, while all remaining para-
meters (loading, geometry, semi-discs’ materials) are kept constant. For optimum visualization of the results the shear 
stress developed is plotted along two strategic loci. In Fig.5 the specific stress component is plotted along “Interface 
1”, i.e. that between semi-disc (1) and the adhesive layer (Fig.1). An enlarged view around the mid-point of the specific 
locus is plotted in the same figure for the differences between the distributions to become clear. It is observed that in-
creasing Ea the absolute maximum value of shear stress increases from about 13 MPa for Ea=3.19 MPa to about 14.5 
MPa for Ea=20 MPa. Moreover the asymmetry of the distribution with respect to the mid-point of “Interface 1” is 
intensified and its maximum is slightly displaced towards positive values of s1, as defined in Fig.1. Finally it seems 
that for values of Ea higher than 16 MPa the distributions become gradually rather insensitive to the specific parameter.  
In Fig.6 the variation of shear stress is plotted along axis x while an enlarged view of the region around point x=0 
is shown in the same figure for clarity reasons. As it is expected the shear stress exhibits a discontinuity along x-axis 
which is stronger as Ea deviates from the average value of the two semi-discs stiffness. Indeed for Ea=10 MPa (average 
value of E1 and E2) the distribution becomes smoother while for both higher and lower Ea values the discontinuity 
becomes steeper. For example for Ea=3.19 GPa the maximum shear stress is equal to about 2.5 MPa while for Ea= 
20 GPa the shear stress is equal to about -3 MPa. On the contrary for Ea =10 MPa the shear stress is almost zeroed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Variation of shear stress along “Interface 1” for various values of Ea (left). An enlarged view around s1=0 (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Variation of shear stress along axis x for various values of Ea (left). An enlarged view around the disc’s center (right). 
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Fig. 3. An overview of the numerical model (left) and a detailed view of its central region (right). 
 
Based on the results of Fig.2 it was concluded that a number of about 55200 elements is satisfactory. The final form 
of the reference model is seen in Fig.3. Concerning the validation of the model it was achieved by considering the 
limiting case, in which the properties of the two semi-discs and the adhesive layer are identical. The numerical 
results for the vertical displacements along y-axis were compared against the respective ones obtained experimentally 
with the aid of Digital Image Correlation for a uniform disc made of PMMA (Kourkoulis et al., 2012). The proximity 
of the two approaches is satisfactory as it is seen in Fig.4(left). Discrepancies close to the disc-jaws contact arcs 
(y=±50 mm) are attributed to deviation of PMMA from linearity due to severe stress concentration in these regions.  
3. Parametric numerical analysis 
Before proceeding to the parametric analysis an overview of the displacement field developed in the composite 
disc is gained by drawing the x-component of the displacement, ux, all over the disc’s area (right picture of Fig.4). 
The asymmetry due to the difference of the semi-discs materials especially close to their interface is clearly seen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Validating the model against experimental data obtained using DIC (left). The ux displacement for the reference model (right). 
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Fig. 3. An overview of the numerical model (left) and a detailed view of its central region (right). 
 
Based on the results of Fig.2 it was concluded that a number of about 55200 elements is satisfactory. The final form 
of the reference model is seen in Fig.3. Concerning the validation of the model it was achieved by considering the 
limiting case, in which the properties of the two semi-discs and the adhesive layer are identical. The numerical 
results for the vertical displacements along y-axis were compared against the respective ones obtained experimentally 
with the aid of Digital Image Correlation for a uniform disc made of PMMA (Kourkoulis et al., 2012). The proximity 
of the two approaches is satisfactory as it is seen in Fig.4(left). Discrepancies close to the disc-jaws contact arcs 
(y=±50 mm) are attributed to deviation of PMMA from linearity due to severe stress concentration in these regions.  
3. Parametric numerical analysis 
Before proceeding to the parametric analysis an overview of the displacement field developed in the composite 
disc is gained by drawing the x-component of the displacement, ux, all over the disc’s area (right picture of Fig.4). 
The asymmetry due to the difference of the semi-discs materials especially close to their interface is clearly seen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Validating the model against experimental data obtained using DIC (left). The ux displacement for the reference model (right). 
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3.3. The influence of the inclination of the interface  
To study the role of the inclination of the interfacial layer with respect to the configuration’s vertical axis of sym-
metry (axis y), which for the configuration considered coincides with the loading axis, five different models were 
constructed, corresponding to a=50o (reference model), a=0o (interface normal to the loading axis), a=90o (interface 
parallel to the loading axis), a=20o and a=70o. In Fig.9 the shear stress variation is plotted along axis x, together with 
an enlarged view around the disc’s center, for clarity reasons. As it is expected for a=0o, the distribution is smooth, 
since the locus lies entirely within the adhesive layer. It is noted that even in this case the shear stress is not zero, 
perhaps due to the difference in the Poisson’s ratio of the materials of semi-discs (1) and (2). However the maximum 
value attained is low (does not exceed 1 MPa). With increasing a-values things change dramatically and strong dis-
continuities appear at the points where axis x meets the two interfaces. It is mentioned characteristically that for a= 
20o the shear stress attains a maximum value equal to 1.40 MPa, while for a=70o the respective value exceeds 4 MPa.  
Especially for a=90o, which is of increased practical importance, the distribution of the von Mises equivalent stress 
is plotted all over the composite disc in Fig.10. The region around the contact arc of the upper jaw with the composite 
disc is shown magnified in the same figure. As expected strong stress concentrations characterize the specific area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Variation of shear stress along axis x for various values of angle a (left). An enlarged view around the disc’s center (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Distribution of von Mises equivalent stress all over the disc and the jaws for a=90o (left). Enlarged view around the upper disc - jaw 
contact arc. Note the strong stress distribution appear in this region. 
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3.2. The role of the intermediate layer’s thickness 
As a next step the influence of the thickness, t, of the intermediate adhesive layer is explored. In this direction four 
models are considered with adhesive thickness varying from t2=2 mm (reference model) to t1=1 mm and t3=3 mm. 
In addition the case with t0=0 is also considered, corresponding to direct contact of the two semi-discs without any 
intermediate adhesive layer. All remaining parameters (loading, geometry, semi-discs’ and adhesive layer materials) 
are kept constant. The shear stress is plotted again along the same as previously loci (“Interface 1” and axis x).  
In Fig.7 the shear stress is plotted along “Interface 1”. It is seen that in case the thickness of the intermediate layer 
becomes zero the shear stress, developed, is maximized attaining a value equal to about 14 MPa. For increasing thick-
ness the shear stress becomes lower and for t=3 mm it does not exceed 13 MPa. Again the distributions along this locus 
are unsymmetrical and the maximum values of shear stresses are attained at positive values of s1 (around s1=8 mm). 
In Fig.8 the shear stress is plotted along axis x, together with a detailed view around the disc’s center (x=0), again 
for clarity reasons. Strong discontinuities are observed on either side of the two interfaces. The discontinuity is stronger 
at the “Interface 1”, obviously due to the higher difference of the semi-disc’s (1) elastic modulus compared to that of 
the adhesive layer. It seems that for t-values different than zero the amplitude of the discontinuity is insensitive to 
the thickness of the adhesive layer. Indeed for all three values of t considered the maximum shear stress at “Interface 1” 
varies around 2.5 MPa with negligible scattering. Similarly at “Interface 2” the maximum value of shear stress varies 
around 1 MPa again with negligible scattering. It is noted that for t=0 the discontinuity appears lower, however this 
is attributed to the relatively close values of the elastic modulus of the two semi-discs.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Variation of shear stress along “Interface 1” for various values of thickness t (left). An enlarged view around s1=0 (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Variation of shear stress along axis x for various values of thickness t (left). An enlarged view around the disc’s center (right). 
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3.3. The influence of the inclination of the interface  
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metry (axis y), which for the configuration considered coincides with the loading axis, five different models were 
constructed, corresponding to a=50o (reference model), a=0o (interface normal to the loading axis), a=90o (interface 
parallel to the loading axis), a=20o and a=70o. In Fig.9 the shear stress variation is plotted along axis x, together with 
an enlarged view around the disc’s center, for clarity reasons. As it is expected for a=0o, the distribution is smooth, 
since the locus lies entirely within the adhesive layer. It is noted that even in this case the shear stress is not zero, 
perhaps due to the difference in the Poisson’s ratio of the materials of semi-discs (1) and (2). However the maximum 
value attained is low (does not exceed 1 MPa). With increasing a-values things change dramatically and strong dis-
continuities appear at the points where axis x meets the two interfaces. It is mentioned characteristically that for a= 
20o the shear stress attains a maximum value equal to 1.40 MPa, while for a=70o the respective value exceeds 4 MPa.  
Especially for a=90o, which is of increased practical importance, the distribution of the von Mises equivalent stress 
is plotted all over the composite disc in Fig.10. The region around the contact arc of the upper jaw with the composite 
disc is shown magnified in the same figure. As expected strong stress concentrations characterize the specific area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Variation of shear stress along axis x for various values of angle a (left). An enlarged view around the disc’s center (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Distribution of von Mises equivalent stress all over the disc and the jaws for a=90o (left). Enlarged view around the upper disc - jaw 
contact arc. Note the strong stress distribution appear in this region. 
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3.2. The role of the intermediate layer’s thickness 
As a next step the influence of the thickness, t, of the intermediate adhesive layer is explored. In this direction four 
models are considered with adhesive thickness varying from t2=2 mm (reference model) to t1=1 mm and t3=3 mm. 
In addition the case with t0=0 is also considered, corresponding to direct contact of the two semi-discs without any 
intermediate adhesive layer. All remaining parameters (loading, geometry, semi-discs’ and adhesive layer materials) 
are kept constant. The shear stress is plotted again along the same as previously loci (“Interface 1” and axis x).  
In Fig.7 the shear stress is plotted along “Interface 1”. It is seen that in case the thickness of the intermediate layer 
becomes zero the shear stress, developed, is maximized attaining a value equal to about 14 MPa. For increasing thick-
ness the shear stress becomes lower and for t=3 mm it does not exceed 13 MPa. Again the distributions along this locus 
are unsymmetrical and the maximum values of shear stresses are attained at positive values of s1 (around s1=8 mm). 
In Fig.8 the shear stress is plotted along axis x, together with a detailed view around the disc’s center (x=0), again 
for clarity reasons. Strong discontinuities are observed on either side of the two interfaces. The discontinuity is stronger 
at the “Interface 1”, obviously due to the higher difference of the semi-disc’s (1) elastic modulus compared to that of 
the adhesive layer. It seems that for t-values different than zero the amplitude of the discontinuity is insensitive to 
the thickness of the adhesive layer. Indeed for all three values of t considered the maximum shear stress at “Interface 1” 
varies around 2.5 MPa with negligible scattering. Similarly at “Interface 2” the maximum value of shear stress varies 
around 1 MPa again with negligible scattering. It is noted that for t=0 the discontinuity appears lower, however this 
is attributed to the relatively close values of the elastic modulus of the two semi-discs.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Variation of shear stress along “Interface 1” for various values of thickness t (left). An enlarged view around s1=0 (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Variation of shear stress along axis x for various values of thickness t (left). An enlarged view around the disc’s center (right). 
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4. Discussion and concluding remarks  
The response of a composite circular disc, subjected to compressive loading between curved jaws, was studied 
numerically. The crucial role of the intermediate adhesive layer was enlightened. It was pointed out that in order for 
the stress concentrations, inevitably appearing along the two interfaces characterizing the specific configuration, to 
be smoothened out the elastic modulus of the intermediate layer should be properly considered. In the ideal case the 
specific property should be as close as possible to the average value of the elastic moduli of the two semi-discs forming 
the composite disc.  
Moreover it was pointed out that the role of the thickness of the interfacial layer is not negligible, however it should 
be considered in juxtaposition to the relative values of the three elastic moduli, i.e. those of the two semi-discs and that 
of the adhesive layer. In case the elastic moduli E1 and E2 are close enough to each other the role of the adhesive 
layer’s thickness is diminished assuming that its elastic modulus is similar to these of the two semi-discs.  
Finally the inclination angle of the interfacial layer with respect to the loading axis was proven also crucial, especial-
ly in case the adhesive layer tends to become parallel to the loading axis. The latter case is characterized by strong 
stress concentrations in the immediate vicinity of the disc-jaws contact arcs, especially at the end-points of the two 
interfaces which is even stronger for the stiffer material, i.e. for semi-disc (2).  
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